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We have previously reported the establishment of a
culture system of hamster auricular sebocytes.
Although their morphologic and biochemical proper-
ties are very similar to those of human sebocytes, the
regulation of lipogenesis is not clear. Therefore, we
investigated the effect of epidermal growth factor,
all-trans retinoic acid, 1a,25-dihydroxyvitamin D3,
and androgens such as testosterone and 5a-dihydro-
testosterone on lipogenesis in cultured hamster
sebocytes. Intracellular lipid droplets detected with
Oil-Red-O staining were observed in 5 d cultures and
increased in a time-dependent manner; 40.7% 6
1.11% of 2 wk cultured cells tested lipid-positive by
¯ow cytometric analysis. When the hamster sebocytes
were cultured in the presence of epidermal growth
factor, all-trans retinoic acid, or 1a,25-dihydroxyvita-
min D3, the intracellular lipid droplets were dimin-
ished by all-trans retinoic acid and epidermal growth
factor, and slightly by 1a,25-dihydroxyvitamin D3.
The intracellular lipid droplets consisted mainly of
triglycerides (71.8%) and, as minor components,
cholesterol (18.0%), wax esters (3.6%), and free fatty
acids (6.6%). Epidermal growth factor and all-trans
retinoic acid decreased the intracellular accumulation
of triglycerides (92.6% and 96.1% inhibition, respect-
ively) and free fatty acids (54.3% and 62.6% inhibi-
tion, respectively) in the sebocytes. In addition,
1a,25-dihydroxyvitamin D3 decreased the triglyceride
level (34.3% inhibition), but augmented the accumu-
lation of wax esters (30% increase). There was no dif-
ference in the level of cholesterol as a result of these
treatments, however. In contrast, 5a-dihydrotestos-
terone augmented the formation of intracellular lipid
droplets along with an increase in the accumulation
of triglycerides in hamster sebocytes. Our ®ndings
that regulation of lipogenesis by all-trans retinoic acid
and androgen in hamster sebocytes is identical to
regulation in humans suggest that hamster sebocytes
are useful for the elucidation of sebaceous function at
the cellular level. Furthermore, this is the ®rst evid-
ence that epidermal growth factor and 1a,25-dihy-
droxyvitamin D3 may act as suppressors in the
regulation of lipogenesis in hamster sebocytes in vitro.
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S
ebaceous glands are important skin appendages and sebum
excretion is considered to be associated with the
functional maintenance of the cutaneous surface as a
biologic barrier (Thody and Shuster, 1989). The develop-
ment of sebaceous glands is dependent on androgens and
sebocytic differentiation sequentially occurs with accumulating
abundant cytoplasmic lipids (Sawaya et al, 1988; Akamatsu et al,
1992; Zouboulis et al, 1994a; Rosen®eld et al, 1998). An excess
increase in the endogenous level of androgens causes sebaceous-
gland disorders such as acne and seborrhoea, which are the most
common skin diseases (Harris et al, 1983; PieÂrard et al, 1987;
Zouboulis et al, 1998).
Proliferation and lipogenesis in sebocytes of human and rodent
sebaceous glands are known to be augmented by testosterone and
5a-dihydrotestosterone (5a-DHT) in vivo and in vitro (Sawaya et al,
1988; Akamatsu et al, 1992; Zouboulis et al, 1994a; Rosen®eld et al,
1998). In addition to androgen, other hormones and growth factors
have been shown to participate in the development of sebaceous
glands. Epidermal growth factor (EGF) stimulates sebaceous glands
in the pinna of hamster to proliferate in vivo (Matias and
Orentreich, 1983). In contrast, estrogens reduce lipogenesis in
human and rat sebaceous glands (Strauss et al, 1962; Ebling and
Skinner, 1983). All-trans and 13-cis retinoic acids also prevent lipid
formation in human and rodent sebaceous gland cells in vivo and
in vitro (Strauss et al, 1980; Jones et al, 1983; Zouboulis et al, 1991;
Hommel et al, 1996; Orfanos and Zouboulis, 1998).
Recently, Ito et al (1998) have established a preparation of
hamster sebocytes from the auricle and demonstrated that the
proliferation of hamster sebocytes in response to androgens is
similar to that of human sebocytes. In addition, Plewig and
Luderschmidt (1977) reported that the hamster sebaceous gland is
similar to the human gland with regard to its size, response to
androgens, and turnover time. Therefore, this culture system is
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considered to be a useful tool for studying functions of sebaceous
glands in vitro. The regulation of lipogenesis in hamster sebocytes
remains unclear, however.
In this study, we investigated the effect of growth factor and
hormones on lipid formation and demonstrated that testosterone
and 5a-DHT augmented lipogenesis, but EGF, 1a,25-dihydroxy-
vitamin D3 [1,25(OH)2D3], and all-trans retinoic acid (atRA)
suppressed it in hamster sebocytes in vitro.
MATERIALS AND METHODS
Culture and treatment of hamster sebocytes Hamster sebocytes
have been established from sebaceous glands of auricles of 5-wk-old male
golden hamsters (Ito et al, 1998) and cultured in culture dishes of 60 mm
diameter (1 3 103 cells per cm2) (Becton Dickinson, Tokyo, Japan) in
Dulbecco's modi®ed Eagle's medium (DMEM)/Ham's F12 medium
(1:1) (Life Technologies, Grand Island, MD) supplemented with 6%
heat-denatured fetal bovine serum (FBS) (BioWhittaker, Walkersville,
MD), 2% human serum (ICN Biochemicals, Costa Mesa, CA), and
0.68 mM L-glutamine (Life Technologies) in the presence or absence of
recombinant human EGF (Progen Biotechnik, Heidelberg, Germany),
1,25(OH)2D3, atRA, testosterone or 5a-DHT (Sigma, St. Louis, MO)
for up to 14 d.
Hematoxylin and Oil-Red-O staining Cultured hamster sebocytes
were washed once with Ca2+- and Mg2+-free phosphate-buffered saline
[PBS(±)] and ®xed with 4% paraformaldehyde (Wako Pure Chemicals,
Osaka, Japan) diluted with PBS(±) for 1 h at room temperature. The
cells were stained ®rst with Mayer's hematoxylin solution (Wako) at
room temperature for 5 min and then with 0.3% Oil-Red-O (Sigma) at
37°C for 15 min. In addition, the number of cells in six randomly
chosen areas per dish was counted under a light microscope at
203 magni®cation.
Flow cytometric analysis Hamster sebocytes were maintained for
2 wk in DMEM/Ham's F12 medium (1:1) supplemented with 6% heat-
denatured FBS, 2% human serum, and 0.68 mM L-glutamine, and then
were stained with Nile red (Sigma) to detect lipid-positive cells (®nal
concentration of 100 ng per ml) in PBS(±) for 20 min at room
temperature in the dark. The dye solution was removed and then the
cells were washed twice with PBS(±). The cells treated with Nile red
were harvested with 0.25% trypsin and 0.02% ethylenediamine tetraacetic
acid (EDTA) in PBS(±) and then resuspended in the culture medium.
Cell size and cellular ¯uorescence were measured for 10,000 cells using a
FACScan ¯ow cytometer (Becton Dickinson). Excitation laser light was
488 nm and the ¯uorescent intensity at 530 6 15 nm was detected. The
cell distribution was expressed as forward and side scatters (FSC and
SSC, respectively).
Analysis of intracellular lipid compositions The cells were washed
twice with PBS(±) and then harvested with 0.25% trypsin and 0.02%
EDTA in PBS(±). The cells were sonicated and then mixed with
chloroform:methanol (2:1) for 5 min at room temperature. The mixture
was centrifuged at 2000 rpm for 5 min at room temperature following
addition of 0.88% KCl, and then the methanol (the upper phase) was
removed. Lipids in chloroform (the lower phase) were collected and
then subjected to an automatic thin-layer chromatography Iatroscan
(Iatron Laboratories, Tokyo, Japan) (Shantha, 1992; Pisch et al, 1997).
Tripalmitin (triglyceride; TG), palmitic acid (free fatty acid), cholesterol,
cholesterol palmitate (cholesterol ester) (Doosan Serdary Research
Laboratories, Englewood Cliffs, NJ), and palmityl palmitate (wax ester)
(Nu-Chek-Prep, Elysian, MN) were used as lipid standards in the
chromatography. The amounts of lipid components were calculated by
an internal control concomitantly performed using authentic cholesterol
acetate (2 mg) (Doosan).
Quanti®cation of DNA content The cell lysate (100 ml) prepared
above was coated in triplicate on wells in 24-well multiplates and then
incubated with 3,5-diaminobenzoic acid dihydrochloride (Sigma)
(400 mg per ml) at 60°C for 45 min according to the method of
Johnson-Wint and Hollis (1982). After the reaction, the ¯uorescent
intensity was measured by excitation at 365 nm and emission at 530 nm
following the addition of 1 M hydrochloride. The content of
intracellular DNA was calculated using a standard curve concomitantly
produced using authentic salmon sperm DNA (6.125±200 mg per ml).
Statistical analysis Data were analyzed by Student's t test; p < 0.05
was considered to be statistically signi®cant.
RESULTS
Lipid formation in cultured hamster sebocytes When
hamster sebocytes were cultured for 14 d, lipid droplets in the
cytoplasm were obviously stained with Oil-Red-O (Fig 1A). The
cellular morphology was distorted and nuclei were dif®cult to
observe because the cytoplasm was ®lled with lipid droplets. In
addition, accumulation of intracellular lipid droplets was observed
as early as at 5 d in culture and increased in a time-dependent
manner (Fig 1B). During cultivation, small lipid droplets were
determined in the cytoplasm within 1 wk by Oil-Red-O staining
and grew to large droplets fusing together (data not shown).
Furthermore, a similar histochemical observation was obtained by
utilizing the other dye reagent, Nile red (data not shown). On the
other hand, we performed ¯ow cytometric analysis to determine
the percentage of lipid-accumulated cells. We ®rst identi®ed an
area with lower FSC and SSC as Gate 1, in which there were more
than 95% of lipid-negative sebocytes induced by EGF (see Fig 3)
(Fig 2A, insert). Differentiated sebocytes with intracellular lipids
seemed to be granular so that the cellular population was shifted to
an area of larger SSC, termed Gate 2. When sebocytes were labeled
with Nile red reagent (Greenspan et al, 1985) and then subjected to
¯ow cytometric analysis, most sebocytes in the 2-wk culture were
distributed in both Gates 1 and 2 (Fig 2A). The ¯uorescence
intensity of cells in Gate 2 was about 40 times higher than that in
Gate 1 (Fig 2B). We also obtained similar results in the ¯ow
cytometric analysis when the cells were stained with Oil-Red-O
(data not shown), indicating that the cells in Gate 2 were lipid-
positive. Furthermore, we calculated that 40.7% 6 1.11% of the
cultured sebocytes accumulated intracellular lipid droplets (Fig 2).
Thus, these results suggest that hamster sebocytes are able to
spontaneously accumulate intracellular lipids under these culture
conditions in vitro.
Regulation of lipogenesis in hamster sebocytes To clarify
the regulation of lipogenesis in hamster sebocytes, we investigated
the effect of EGF, 1,25(OH)2D3, and atRA in the accumulation of
intracellular lipids. The level of intracellular lipids was much less in
the EGF-treated sebocytes compared to control culture (Fig 3A,
B). In addition, lipid formation no longer occurred in the atRA-
treated cells (Fig 3C). Furthermore, 1,25(OH)2D3 decreased
lipogenesis, and even in the Oil-Red-O-positive cells the
amount of intracellular lipids became smaller than in the
untreated cells (Fig 3D).
Lipid composition in hamster sebocytes treated with EGF,
atRA, and 1,25(OH)2D3 We next quantitatively analyzed the
composition of intracellular lipids in hamster sebocytes by thin-
layer chromatography using a ¯ame ionization detector. As shown
in Fig 4B, the intracellular lipids in hamster sebocytes were found
to consist of TG, wax esters, free fatty acids, and cholesterol. The
lipids consisted of TG (71.8%) as the major lipid component, and
free fatty acids (6.6%), cholesterol (18.0%), and wax esters (3.6%)
were detected as minor components (Fig 5, control). In addition,
we con®rmed the time-dependent increase in total lipid
biosynthesis resulting mostly from the augmentation of the TG
level in cultured hamster sebocytes (data not shown).
When the sebocytes were treated with EGF, atRA, and
1,25(OH)2D3, the intracellular accumulation of TGs was sup-
pressed by EGF and atRA (92.6% and 96.1% inhibition, respec-
tively). In addition, the level of free fatty acids was similarly
decreased by EGF and atRA (54.3% and 62.6% inhibition,
respectively). Furthermore, 1,25(OH)2D3 slightly decreased the
TG level (34.3% inhibition) but slightly augmented the accumu-
lation of wax esters (30% increase). In contrast, there was no
difference in the level of cholesterol under these treatments (Fig 5).
Therefore, these results suggest that the suppression of lipogenesis
by EGF, atRA, and 1,25(OH)2D3 is due to a decrease in the
accumulation of TG in hamster sebocytes.
5a-DHT augments lipogenesis in hamster sebocytes 5a-
DHT and testosterone have been shown to augment the
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Figure 3. Intracellular lipid formation is
inhibited by EGF, atRA, and 1,25(OH)2D3 in
hamster sebocytes. Hamster sebocytes at the
second passage were untreated (A) or treated with
EGF (100 ng per ml) (B), atRA (1 mM) (C) and
1,25(OH)2D3 (100 nM) (D) every 3 d for 2 wk.
After ®xing, the cells were stained with Oil-Red-
O and Mayer's hematoxylin as described in
Materials and Methods.
Figure 2. Characterization of lipid-positive
hamster sebocytes. Hamster sebocytes at the
second passage were cultured for 2 wk, and then
stained with Nile red as described in Materials and
Methods. The Nile-red-stained cells were subjected
to ¯ow cytometric analysis in SSC and FSC (A)
and then the ¯uorescence intensity was
determined for characterization of lipid-positive
and lipid-negative cells (B). Inserted panel, EGF-
treated sebocytes. Gates 1 and 2 correspond to the
lipid-negative and lipid-positive sebocytes,
respectively.
Figure 1. Oil-Red-O staining in cultured
hamster sebocytes. (A) Hamster sebocytes at the
second passage were cultured for 2 wk, and then
stained with Oil-Red-O and Mayer's hemat-
oxylin. Arrows indicate nuclei. (B) The number
of Oil-Red-O-positive cells was counted at the
culture days shown. The data represent the mean
6 SD of six individual areas in the dish.
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biosynthesis of lipids in human and rat sebaceous glands in vivo and
in vitro (Sawaya et al, 1988; Akamatsu et al, 1992; Zouboulis et al,
1994a; Rosen®eld et al, 1998). Ito et al (1998) also reported that the
proliferation of hamster sebocytes is androgen-dependent. We
demonstrated that the accumulation of intracellular lipids in
cytoplasm was augmented in 5a-DHT-treated hamster sebocytes
(Fig 6), and that the lipid-positive cells in 5a-DHT treatment
amounted to 52.1% 6 1.58% and increased 1.3-fold in comparison
to untreated cells (p < 0.001) (data not shown). Furthermore, as
shown in Fig 7, 5a-DHT increased the amount of TG whereas
the levels of wax esters, free fatty acids, and cholesterol were not
in¯uenced, indicating that the increased lipid formation was mostly
due to the increase in TG level. Therefore, these results suggest
that, as in human and rat sebaceous glands, androgens act as
inducers for lipogenesis in hamster sebocytes in vitro.
DISCUSSION
Sebocytes are epithelial cells. Accumulation of lipid droplets in their
cytoplasm re¯ects terminal differentiation (Zouboulis et al, 1994b).
So far, many investigators have reported the function and
regulation of sebum under physiologic and pathologic conditions
(Harris et al, 1983; PieÂrard et al, 1987; Thody and Shuster, 1989;
Zouboulis et al, 1998). The regulatory mechanism of lipogenesis in
sebaceous glands is not fully understood, however. Therefore, it is
of interest to clarify physiologic candidate(s), which negatively
regulate(s) lipid formation in sebaceous glands. In this study, we
demonstrated that EGF, 1,25(OH)2D3, and atRA inhibited
lipogenesis in cultured hamster sebocytes.
It has been reported that organ culture systems of sebaceous
glands are established in human and rodents (Strauss et al, 1962;
1980; Ebling and Skinner, 1983; Jones et al, 1983; Sawaya et al,
1988). Recently, in vitro culture systems of human and rat sebocytes
have also been reported, and the accumulation of intracellular lipids
is augmented by androgens such as testosterone and 5a-DHT and
inhibited by retinoic acids (Jones et al, 1983; Zouboulis et al, 1994a;
Rosen®eld et al, 1998). The hamster sebaceous gland is similar to
the human gland with regard to its size, response to androgens, and
turnover time in vivo (Plewig and Luderschmidt, 1977). Ito et al
(1998) have established a culture method of hamster sebocytes, and,
like human sebocytes, the proliferation of hamster sebocytes is
androgen-dependent. Furthermore, the accumulated intracellular
lipids consist of TG, wax esters, cholesterol, and free fatty acids;
these are identical to accumulated intracellular lipids in human
sebocytes except for squalene and cholesterol esters (Ito et al, 1998).
We demonstrated that the accumulation of intracellular lipids in
hamster sebocytes was augmented by both testosterone (data not
shown) and 5a-DHT and suppressed by atRA. Therefore, these
results suggest that the cell proliferation and lipogenesis of hamster
sebocytes in response to androgens and retinoic acids are similar to
those of human sebocytes.
We characterized lipid-positive hamster sebocytes as amounting
to 40.7% 6 1.11% of the cultured cells, and 5a-DHT treatment
further augmented this percentage (30% increase) (data not shown).
Rosen®eld et al (1999) also reported that in rat sebocytes only 5% of
the cells were lipid-positive, but 5a-DHT treatment increased the
percentage to approximately 15% in culture. Although the culture
conditions and analytical procedures for evaluating lipid-positive
cells are different for hamster and rat sebocytes, the differential
potency in sebocytes is likely to be higher in hamster than in rat.
Various endogenous factors such as growth factors and hormones
are known to participate in maintaining skin homeostasis in vivo.
EGF plays an important role in maintaining cutaneous events such
as the proliferation and keratinization of the epidermis (Frati et al,
1977; Green et al, 1983; Bhora et al, 1995) and the remodeling of
extracellular matrix (McDonnell et al, 1990; McCawley et al, 1998).
It has been reported that EGF receptors exist on sebaceous glands in
rat (Green et al, 1983). In addition, Matias and Orentreich (1983)
reported that administration of EGF into the pinna of hamster
increases the number of cells per sebaceous gland unit in vivo. We
demonstrated that the cellular DNA content in EGF-treated
hamster sebocytes was 2.6-fold higher than in untreated cells (data
not shown). In contrast, Zouboulis et al (1998) reported that EGF
does not affect the proliferation of human sebocytes in vitro.
Therefore, it is likely that the involvement of EGF in sebaceous
proliferation may be dependent on cell species (Nikkari, 1974) and
at least different between hamster and human sebocytes. On the
other hand, we demonstrated that the accumulation of intracellular
lipids was inhibited in EGF-treated hamster sebocytes. Similar
Figure 4. Characterization of intracellular lipids in hamster
sebocytes. Lipids were analyzed by automatic thin-layer chromato-
graphy as described in Materials and Methods. (A, B) The chromato-
graphic analyses of lipid standards and lipids derived from hamster
sebocytes at the third passage, respectively. W, wax esters; CE,
cholesterol esters; InC, internal control; T, triglycerides; F, free fatty
acids; CH, cholesterol.
Figure 5. Alteration of lipid composition in EGF, atRA, and
1,25(OH)2D3-treated hamster sebocytes. Hamster sebocytes at the
second passage were untreated or treated with EGF (100 ng per ml),
1,25(OH)2D3 (100 nM), and atRA (1 mM) as described in Fig 3. The
composition of intracellular lipids extracted from the cells was analyzed
by thin-layer chromatography as described in Materials and Methods. Data
represent the mean 6 SD of triplicate dishes. *, **, ***, Signi®cantly
different from each composition in control (p < 0.05, 0.01, and 0.001,
respectively). Total, sum of each composition; TGs, triglycerides; WAXs,
wax esters; FFAs, free fatty acids; CHO, cholesterol.
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observations have been reported in organ cultures of the human
sebaceous gland, in which lipogenesis is increased with EGF
depletion from the culture medium (Guy and Kealey, 1998). These
results therefore suggest that EGF acts not only as a mitogenic
factor but also as an antilipogenic factor in hamster sebocytes.
1,25(OH)2D3 has been shown to play an important role in
epidermal differentiation. 1,25(OH)2D3 inhibits the proliferation
but augments the differentiation of human keratinocytes (Gibbs
et al, 1996; Sorensen et al, 1997). In addition, the administration of
1,25(OH)2D3 to psoriasis patients is ef®cacious for repairing the
organization of epidermis in vivo (van de Kerkhof, 1998; Peters et al,
2000). We demonstrated that 1,25(OH)2D3 suppressed the accu-
mulation of intracellular lipid droplets in hamster sebocytes, but the
extent of suppression was less than that of EGF or atRA treatment.
In addition, like EGF and atRA, 1,25(OH)2D3 decreased the level
of TG but slightly augmented that of wax esters, whereas the
cellular DNA content was not altered in 1,25(OH)2D3-treated
hamster sebocytes. Thus, this is the ®rst evidence that 1,25(OH)2D3
may be involved in the suppressive regulation of lipogenesis in
hamster sebocytes.
Brind et al (1986) showed that sterol esters are major components
of ear sebum from Syrian hamster in vivo. Concerning the
discrepancy between that report and our ®ndings, we suggest a
possibility that the lipid composition in sebaceous glands in vivo may
result from the modulation of lipogenesis by various growth factors
and hormones. In this study, the level of cholesterol in EGF- or
atRA-treated sebocytes was higher than that of TG. In addition,
the level of wax ester was almost equal to that of TG under these
treatments. Therefore, we speculate that the substantial com-
position of hamster sebum may be similar in vitro and in vivo.
Further experiments will be required to address the hypothesis.
In conclusion, we demonstrated that, as in human and rat
sebocytes, lipogenesis in hamster sebocytes is augmented by
androgens and inhibited by atRA. Taken together with previous
reports (Ito et al, 1998), this suggests that the hamster sebocyte
culture system will be useful for the elucidation of sebaceous
function at the cellular level. Furthermore, this is the ®rst evidence
that EGF and 1,25(OH)2D3 may act as suppressors to control
sebum excretion in hamster sebaceous glands.
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